Only a small number of resolved, single phosphorous, phosphodiester resonances are observed in the 3I P spectrum of the 5S rRNA from E. coli. Its spectrum is much simpler than that of a tRNA (Gueron, M. and Shulman, R.G. (1975) Proc. Natl. Acad. Sci. 72,[3482][3483][3484], which suggests that 5S RNA does not have a tightly folded, tRNA-like, tertiary structure. The resolved resonances in the 5S spectrum originate in loops D and E, near bases 88 and 76, respectively.
INTRODUCTION
Much of the flexibility of a nucleic acid chain is derived from rotations around its phosphodiester bonds. Because the phosphorous chemical shift values in nucleic acids are sensitive to the phosphodiester torsion angles a (P-O5') and s (O3'-P), and the O-P-O bond angle (see 1), the 3I P NMR spectrum of an RNA or DNA contains information about backbone conformation.
Most of the 31 P resonances given by an A-type or B-type nucleic acid helix have chemical shifts around -1 ppm (relative to 85% phosphoric acid), which is typical of phosphodiester bonds having (g,g) torsion angles (see Saenger, 1984) . There may also be a few resonances having pH-dependent chemical shifts around 2 to 3 ppm, due to terminal phosphomonoesters.
Not all nucleic acids have such simple 3I P spectra. For example, in addition to the usual cluster of resonances at -1 ppm, the spectra of tRNAs typically include -15 resolved, single phosphorous resonances, indicative of the presence of phosphodiester bonds with unusual torsion angles and/or O-P-O bond angles (3, 4, 5) . In the case of tRNAs, these resonances report on the non-helical, phosphodiester conformations required to form the loops and tertiary interactions characteristic of tRNAs. Presumably any RNA with a complex, tightly folded tertiary structure is likely to have a tRNA-like 3I P spectrum. A decade ago Tritton and Armitage (6) examined the 3I P spectra of ribosomes and ribosomal RNAs from E. coli. They did not detect any resolved phosphorous resonances, except for an unexpectedly large, terminal phosphate peak. No qualitative conclusions about the structure of rRNA can be drawn from their observations, however. The high molecular weights of these materials, make it impossible to prepare samples of high molar concentration, and ensures that the linewidths of individual resonances are broad. It is unlikely that single phosphorous resonances could be detected even if they are there.
The rRNA of interest here, 5S RNA, is not much larger than a tRNA. It is easy to make 5S samples with concentrations high enough to make detection of single phosphorous resonances possible. Thus 3I P spectroscopy can be used to ask how abundant unusual 
Wllote,$ RNA phosphodiester bond geometries are in this specific rRNA, and, by extension, to ask whether rRNAs in general are tRNA-like or not. Below we display 3I P spectra obtained from a number of RNAs related to the 5S RNA from E. coll. 5S RNA itself, pDG07 RNA, a deletion mutant that lacks bases 12-69, two point mutations of pDG07 RNA (8), fragment 1, a nucleolytic fragment consisting of bases 1-11, 69-87, and 89-120 of 5S RNA (9) , and pw39 RNA, a T7 transcript that consists primarily of the helix IV-helix V stem loop of 5S RNA (bases 69-106) (10) (see Figure 1 ). The P spectra of all of these molecules are much simpler than that of a tRNA, but they do include a few resolved resonances. The data assign the two most downfield, diester resonances to bases in or near loop D. The upfield resolved resonances detected appear to originate in the loop E region (see Figure 1 ).
MATERIALS AND METHODS

NMR samples.
The preparation of the RNAs discussed below have been described elsewhere: (1) for 5S RNA and 5S RNA fragment 1, see (11), (2) for pDG07 RNA, see (7) , and (3) for the G102A and U74C mutants of pDG07 RNA, see (8) . pw39 RNA is a T7 RNA polymerase transcript made using a synthetic DNA template (13, 14, 10) . Its sequence is given in Figure 1 . It was purified from its transcription mixture by HPLC using a Nucleogen DEAE 500-7 column in 5M urea, 20 mM K 2 HPO 4 , pH 6.6 at 45°C. Following renaturation it was repurified on Sephadex G75 in 0.1 M NaCl, 3 mM MgCl 2 , 10 mM cacodylic acid, pH 6.0 at 30°C. The dependence of the 31 P spectrum of pDG07 RNA on divalent cation identity. 3I P spectra were taken of pGDO7 RNA in Ca 2+ (spectrum A) and in Mg 2+ (spectrum B) at concentrations of 3 mM, at 303 K, as described in Materials and Methods.
Samples described as being 'in Mg 2+ ' were dissolved in 100 mM KC1, 4 mM MgCl 2 , 4 mM cacodylate, 0.2 mM EDTA, pH 7.0. Samples 'in Ca 2+ ' were dissolved in the same buffer except for the replacement of MgCl 2 with 4 mM CaCl 2 . Samples were equilibrated with their buffers by dialysis, and brought to their final concentrations using Centricon (Amicon) ultrafilters. Spectroscopic methods. All spectra were taken in the Fourier transform mode using the 11.7 T (202.4 MHz for 3I P) NMR spectrometers of the Yale University Chemical Instrumentation Center. Spectra were acquired with broad band proton decoupling at 303 K. Chemical shifts were determined relative to an external standard consisting of an 85% phosphoric acid solution in D 2 O.
RESULTS
Divalent cation effects on the
3I P spectrum of pDG07 RNA. Prior studies of the imino proton spectrum of 5S RNA, and of the 5S derivatives of interest here have shown that their structures are sensitive to the divalent cations in the surrounding 3I P spectra of pDG07 RNA and two of its mutants. All samples whose spectra are shown here were 3 mM in RNA in Ca 2+ . Spectrum A is that normal pDG07 RNA. (It is identical with the spectrum shown in Figure 2a .) Spectrum B is the one given by G102A pDGO7 RNA, and spectrum C is that of U74C pDG07 RNA. Data collection conditions are described in Materials and Methods.
of the main (g,g) peak differ in the two spectra, indicative of a large number of small differences in backbone geometry. In the upfield region, the single phosphorous resonance at -2.1 ppm in the Ca 2+ spectrum broadens almost to the point of undetectability in Mg 2+ , and the substoichiometric resonance at -3.0 ppm in the Ca 2+ spectrum is not detectable at all.
Localization of the downfield resonances.
The 31 P NMR spectrum of 5S RNA in Mg 2+ (Figure 3a ) is similar to that of pDG07 RNA in Mg 2+ (Figure 2b) , and hardly distinguishable from that of 5S RNA in Ca 2+ (data not shown). Besides its rather conspicuous 5' terminal resonance at 2.3 ppm, and the bulk of the resonances at -1 ppm, there are partially resolved resonances at -0.6 ppm and -0.1 ppm, and hints of intensity upfield of the main peak. [The two downfield resonances in the 5S spectrum are more obvious at higher temperature (data not shown).] The resonances in the 5S RNA spectrum are significantly broader than the corresponding features in pDG07 RNA, consistent with its higher molecular weight.
Because the downfield, resolved, diester resonances in the 5S RNA are also seen in the pDG07 spectrum, it is likely that they derive from the helix I, IV, V portion of 5S RNA, the sequences both molecules have in common. The source of those resonances is further localized by examination of the spectrum of pw39 RNA, which includes only the helix IV-V stem-loop of 5S RNA. Its spectrum in Ca 2+ is shown in Figure 3c . The three downfield resonances are present at full intensity, but its upfield spectrum is less well resolved than that of pDG07 RNA for reasons that are unclear. [The lack of a downfield monoester resonance is due to the fact that the 5' terminus of pw39 RNA is a triphosphate.]
The obvious features 5S RNA, pDG07 RNA and pw39 RNA share that are non-helical, and thus possible locations of unusual phosphodiester bonds are loops D and E. Evidence that residues in or near loop D account for the two most downfield 31 P resonances is to be found in Figure 3b , which is the spectrum of fragment 1 in Ca 2+ . The 0.1 and 0.6 ppm resonances are both absent from this spectrum, but the -0.5 ppm resonance remains.
The reason this result assigns the resonances in question is that the only difference between fragment 1 and the other RNAs discussed so far is in loop D. The nucleolytic treatment required to make fragment 1 from 5S RNA destroys loop D. This same treatment generates three 3' terminal phosphate per molecule of fragment 1, and there is variation in the location of these cleavages from molecule to the next (16) . This heterogeneous group of termini are responsible for the broad feature at 2.6 ppm (Figure 3b) . Figure 4 compares the 3I P spectra of pDG07 RNA ( Fig. 4a) with those of two mutants of pDG07 RNA, all in Ca 2 " 1 ". The mutants in question are one in which G102 is changed to an A (Fig. 4b) and another in which U74 is changed to a C (Fig. 4c) . Both fall in the irregularly base paired region between helices IV and V, loop E. Imino proton studies of these same mutations have demonstrated that the U to C change at position 74 destabilizes all the hydrogen bonds in loop E, but that the G to A change at base 102 has a much more localized effect (8) .
Localization of the upfield resonances.
The three 3I P spectra are identical downfield of the main peak, consistent with the fact that they all have intact loop D structures. The (g,g) peaks of the G102A mutant and pDG07 spectra are similar in shape, and quite different from that of the U74C mutant, consistent with the imino proton data indicating that the former mutation is less disruptive than the latter. Neither mutant, however, has the upfield resonances at -2.1 ppm and -3.0 ppm characteristic of pDG07 RNA. This observation is evidence that the two upfield resonances come from the loop E region, and suggests that phosphate groups on either side of G102 might be responsible for one of them.
DISCUSSION
Imino proton NMR studies of the RNAs discussed here have shown that fragment 1, pDG07 RNA, and pw39 RNA all have structures that are closely similar to the structures of the 5S sequences they contain in intact 5S RNA (9, 18, 8, 10) . The two mutants are somewhat perturbed in structure, but still 5S-like (8, 10) . It is upon these structural similarities that our partial assignment arguments depend.
There are many regions in 5S RNA where unusual phosphodiester geometries might be anticipated: (1) the junction of helices I, II and IV (loop A), (2) the region where base pairing is ambiguous in helix HI (loop B), (3) loop C, which closes helix III, (4) loop D, the closure of helix IV, and (5) loop E, the irregularly paired region between helices IV and V. Of these 5 irregular regions, only loops D and E appear to contribute resolved resonances to the 31 P spectrum of 5S RNA. The 'need' for unusual phosphodiester geometries in loops at the end of stems must be related to the number of unpaired bases they contain. 'Tight' loops like loop D need them, but big loops like loop B apparently do not.
We have preliminary evidence that loop E contains unusual base pairings, such as Hoogsteen AU's, and that its structure is subject to conformational exchange (Rycyna, R.R., Zhang, P., and Moore, P.B., unpublished data). The two rather broad, upfield resonances in the 3I P spectrum of pDG07 RNA must be related to these features of loop E. In addition to their lack of upfield 3I P resonances, the two mutants examined in this study share another physical property. Both have electrophoretic mobilities on native acrylamide gels run that are slightly higher than normal pDG07. It is possible that by destabilizing the loop E structure, these mutations permit the RNA to attain a somewhat more compact structure.
On the basis of current evidence it is likely that the sequences encompassed in helices I, II, and HI in 5S RNA involve the (g,g) phosphodiester geometries typical of normal double helix. These data do not support models of 5S RNA tertiary structure that involve features of tRNA-like complexity, and specifically rule out models whose tertiary folding involves phosphodiester bond geometries that deviate from those found in normal, righthanded RNA helices.
